In this paper, density functional theory calculations are used to explore the electronic and atomic reconstruction at interfaces between III-III/I-V oxides. In particular, at these interfaces, two dimensional electron gases (2DEGs) with twice the interfacial charge densities of the prototypical LaTiO3/SrTiO3 heterostructure are observed. Furthermore, a significant decrease in the band effective masses of the conduction electrons is shown, suggesting that possible enhancements in electron mobilities may be achievable. These findings represent a framework for chemically modulating 2DEGs, thereby providing a platform through which the underlying physics of electron confinement can be explored with implications for modern microelectronic devices. [6, 7] In oxide heterostructures such as LaAlO 3 /SrTiO 3 and LaGaO 3 /SrTiO 3 this is understood in terms of polarization discontinuities at interfaces, i.e. the "the polar catastrophe" mechanism. [6, [8] [9] [10] [11] [12] Physically, the divergence of the electrostatic potential at atomically abrupt interfaces between insulating layered, charge-ordered III-III and a non-polar II-IV (usually SrTiO 3 ) oxides is compensated for by charge accumulation (in this case an extra 1/2 electron per interface unit cell) at the interface. Interestingly enough, in these heterostructures this only occurs at TiO 2 centered interfaces and requires relatively thick layers of LaAlO 3 or LaGaO 3 . [10, 13] A chemically intuitive, δ-layer-doping, mechanism arises from the multivalent nature of transition metal cations, like Ti. For example, in LaTiO 3 /SrTiO 3 superlattices, the local environment of Ti cations next to a "dopant", LaO layer, splits the valence of Ti between two possible charge states (+4 for SrTiO 3 and +3 for LaTiO 3 ). Therefore, an equal mixture of Ti valence states (3+ or 4+) can be thought to reside at the interface giving an average valence of 3.5. [14] [15] [16] This has been confirmed through electron energy-loss spectroscopy (EELS) measurements [17] in which the distribution of Ti 3+ cations away from the interface were found to be in good agreement with theoretical and experimental carrier density profiles. [6, [18] [19] [20] [21] [22] In a perfect system, the extra 1/2 electron, relative to Ti in SrTiO 3 , defines the intrinsic limit of 2DEG carrier densities. [23] This electronic reconstruction is a hallmark of the observed two-dimensional conductivity and is accompanied by polar distortions [18, 24, 25] (atomic displacements of the cations away from the interface) which effectively screen the electrons near the interfaces. Furthermore, the most commonly studied 2DEGs derived from II-IV (e.g. Sr 2+ Ti 4+ O 3 ) oxides have interfacial carrier densities which are intrinsically limited to 0.5 e − /interface unit cell.
In this paper, density functional theory calculations are used to explore the electronic and atomic reconstruction at interfaces between III-III/I-V oxides. In particular, at these interfaces, two dimensional electron gases (2DEGs) with twice the interfacial charge densities of the prototypical LaTiO3/SrTiO3 heterostructure are observed. Furthermore, a significant decrease in the band effective masses of the conduction electrons is shown, suggesting that possible enhancements in electron mobilities may be achievable. These findings represent a framework for chemically modulating 2DEGs, thereby providing a platform through which the underlying physics of electron confinement can be explored with implications for modern microelectronic devices. Emergent phenomena at AB O 3 oxide interfaces, e.g. two dimensional electron gases (2DEGs), [1] are paramount to understanding critical behavior arising from electron confinement; like metalinsulator transitions, [2] novel magnetic effects [3] and superconductivity. [4, 5] Recent theory and experiments have sought to identify the origin of 2DEGs at insulating oxide interfaces and surfaces in order to develop rules or concepts by which charge carrier densities and mobilities can be tuned. Growth under low O 2 partial pressure has been shown to have (vacancy mediated) enhancements in conductivities that extend deep into bulk regions, making these materials undesirable for examining interfacial physics. [6, 7] Conversely, annealing or growth under high O 2 pressure eliminates oxygen vacancies resulting in consequential increases in resistivities; giving rise to intrinsic 2DEG behavior. [6, 7] In oxide heterostructures such as LaAlO 3 /SrTiO 3 and LaGaO 3 /SrTiO 3 this is understood in terms of polarization discontinuities at interfaces, i.e. the "the polar catastrophe" mechanism. [6, [8] [9] [10] [11] [12] Physically, the divergence of the electrostatic potential at atomically abrupt interfaces between insulating layered, charge-ordered III-III and a non-polar II-IV (usually SrTiO 3 ) oxides is compensated for by charge accumulation (in this case an extra 1/2 electron per interface unit cell) at the interface. Interestingly enough, in these heterostructures this only occurs at TiO 2 centered interfaces and requires relatively thick layers of LaAlO 3 or LaGaO 3 . [10, 13] A chemically intuitive, δ-layer-doping, mechanism arises from the multivalent nature of transition metal cations, like Ti. For example, in LaTiO 3 /SrTiO 3 superlattices, the local environment of Ti cations next to a "dopant", LaO layer, splits the valence of Ti between two possible charge states (+4 for SrTiO 3 and +3 for LaTiO 3 ). Therefore, an equal mixture of Ti valence states (3+ or 4+) can be thought to reside at the interface giving an average valence of 3.5. [14] [15] [16] This has been confirmed through electron energy-loss spectroscopy (EELS) measurements [17] in which the distribution of Ti 3+ cations away from the interface were found to be in good agreement with theoretical and experimental carrier density profiles. [6, [18] [19] [20] [21] [22] In a perfect system, the extra 1/2 electron, relative to Ti in SrTiO 3 , defines the intrinsic limit of 2DEG carrier densities. [23] This electronic reconstruction is a hallmark of the observed two-dimensional conductivity and is accompanied by polar distortions [18, 24, 25] (atomic displacements of the cations away from the interface) which effectively screen the electrons near the interfaces. Furthermore, the most commonly studied 2DEGs derived from II-IV (e.g. Sr 2+ Ti 4+ O 3 ) oxides have interfacial carrier densities which are intrinsically limited to 0.5 e − /interface unit cell.
In this paper, density functional theory (DFT) calculations are used to investigate the charge rearrangement at interfaces between I-V/III-III perovskites. The goal is to apply the above insights to control the interfacial charge density by increasing the intrinsic limit of electrons at an oxide heterointerface. The guiding principle is that the incorporation of a multivalent cation at an interface, where its desired valence states are +3 and +5, should allow for an average valence of +4, thus increasing the limit of extra interfacial charge to 1 e − /interface unit cell. By examining heterostructures comprised of I-V/III-III oxides, it is confirmed that a total of 1 electron per interface unit cell now populates the conduction bands (twice that of a corresponding LaTiO 3 /SrTiO 3 superlattice). Similar to previous observations of 2DEGs, these electrons are primarily confined to t 2g orbitals on B cations near LaO interfaces, decay quickly into the bulk and are accompanied by large polar ionic distortions. In addition, calculated decreases in electron band effective masses suggest that improved carrier mobilities may be achievable.
DFT calculations using the local density approximation with a Hubbard U (LDA+U) [26] and ultrasoft pseudopotentials [27] as implemented in the Quantum Espresso simulation package [28, 29] were performed to study 1 LaX O 3 /7 KX O 3 superlattices, where X =Ta and have relatively large band gaps of 1.7 and 1.8 eV, respectively. Although smaller than experiment, these are consistent with LDA's underestimation of oxide band gaps. In agreement with previous studies, 1 LaTiO 3 /7 SrTiO 3 has occupied states just below the Fermi level, E F , that sum to 1 electron (or rather 0.5 e − /interface unit cell). The electronic band structure plot (Fig. 2a) indicates that they directly contribute to transport (i.e. cross the Fermi level). An analysis of the orbital projected DOS indicates that these states are derived mainly from Ti t 2g . An examination of the electronic band structure shows that they contribute to the Fermi surface (see Fig. 2b and c) . Orbital projected DOS indicate that they are derived mainly from the B -cation d-states (Nb/Ta) with dominant electronic contributions arising from partially occupied d xy orbitals of B -cations at the LaO interface. In all three heterostructures light electronic bands crossing E F are parabolic around Γ and heavy bands extend along the Γ-X direction. This is a characteristic feature of 2DEGs and is consistent with recent angle-resolved photoemission spectroscopy (ARPES) results for 2DEGs at SrTiO 3 surfaces. [20, 30] Figure 3a displays the spatial distribution of the conduction electrons (i.e. arising from states between E F and ∼ -1.8 eV) as a function of distance away from the LaO layer. Similar to previous theoretical and experimental results for 2DEGs at heterointerfaces and the SrTiO 3 surface we find a build-up of charge of roughly 0.22 electrons on interfacial Ti cations in the 1 LaTiO 3 /7 SrTiO 3 superlattice. [6, [18] [19] [20] [21] [22] (Note: the total atom projected DOS adds up to 0.95 e − and is scaled to unity in the plots.) This charge quickly decays to 0.06 electrons in the center of the slab, indicating a decay length of roughly 3-4 unit cells. On the other hand, we observe that the LaNbO 3 /KNbO 3 and LaTaO 3 /KTaO 3 heterostructures have a build-up of 0.52 and 0.60 e − s on the interfacial Nb and Ta ions, respectively. (again the projected DOS only sums to 1.8 e − s and is uniformly scaled to 2.0). Surprisingly, discernible differences in the decay of charge away from the LaO interface are seen. In LaNbO 3 /KNbO 3 , there is still roughly 0.15 e − /unit cell area in the bulk region, whereas the charge density in LaTaO 3 /KTaO 3 drops off much more sharply, falling to less than 0.1 e − /unit cell area. This deviation may be linked to differences in dielectric constants. Theoretical calculations have demonstrated that a larger dielectric constant can result in a greater spread of electrons away from the interface.[31, 32] KTaO 3 and SrTiO 3 have very similar dielectric constants, [33, 34] while KNbO 3 has a much stronger dependence of dielectric constant on phase. [35] In fact, KNbO 3 can have a dielectric constants that is a few orders of magnitude greater than SrTiO 3 and KTaO 3 , making the observed behavior reasonable. Regardless, these results clearly indicate a significant enhancement in the concentration of electrons near the interface for III-III/II-IV heterostructure relative to the III-III/I-V system, with thelower dielectric constant materials being more conducive to confining electrons to the interface.
In accordance with the observed interfacial electronic reconstruction we find considerable polar distortions of the A-and B -cations away from the LaO layer. These off-center displacements gradually return to zero in the center of the SrTiO 3 /KX O 3 layers. (See Fig. 3 [top] for TABLE I. Structural parameters and relative effective masses for the heterostructures studied. ao, c/a and me/m denote the cubic lattice parameter, c/a ratio and the relative effective masses of the two lowest energy partially occupied bands, respectively. Note: the curvature of the electronic structure around Γ is symmetric. i.e. the effective mass along the Γ-X and Γ-M directions are essentially equal and thus only one value is reported for each band. 35 a representative 2 dimensional projection of the atomic structure of a 1/7 heterostructure). Similar to previous DFT results we find that the magnitude of SrTiO 3 off-centering is 0.18Å and 0.13Å for the A-and Bcations near the interface, respectively. [18, 25] Figure 3b and c show that the magnitudes of the B -and Acation off-center displacements in the LaX O 3 /KX O 3 structures are all appreciably larger than those in LaTiO 3 /SrTiO 3 . These larger polar distortions are consistent with the need for larger interfacial polarizations to adequately screen the interfacial charges. Unexpectedly, the LaTaO 3 /KTaO 3 superlattice while having the larger interfacial charge exhibits smaller polar distortions than LaNbO 3 /KNbO 3 . Although the difference in the computed interfacial charge may be a consequence of scaling of the charge densities, it may also be a direct indicator of the magnitude of charge screening in these two materials arising from the differences in their respective dielectric constants -with the lower dielectric constant material being more strongly screened. A second explanation is that KNbO 3 , unlike KTaO 3 , has a polar ground state which may be more favorable to inducing polar distortions. In which case, the polar nature of the KNbO 3 structure may be more advantageous as recent studies have proposed the use of an electric field as a switch for controlling interface conductivity. [24, 36] Finally, Table I lists the relative band effective masses, m e /m, of the two lowest energy partially occupied bands (see Fig. 2 ). Remarkably, the computed m e /m values for SrTiO 3 , are in excellent agreement with ARPES measurements performed for SrTiO 3 surface 2DEGs (0.5 -0.6 m e /m). [30] While the origin of the 2DEGs at SrTiO 3 surfaces is almost certainly due to a different mechanism than the δ-doped structures, this result is suggestive of characteristic electronic structure features. It should be pointed out that La doped SrTiO 3 has considerably higher effective mass (m e /m > 1) and that the band effective masses predicted here neglects correlation effects. Moreover, the 1 LaX O 3 /7 KX O 3 structures were found to have significant decreases in m e for these bands (which dominate the electron density at the interfaces), implying possible increases in carrier mobilities in the III-III/I-V superlattices. Of course, semiconductor physics tells us that increases in charge densities (as observed in the 1 LaX O 3 /7 KX O 3 based heterostructures) are often accompanied by decreases in carrier mobilities. Typically increased carrier densities arise from increases in dopant concentrations, which act as scattering centers thereby reducing the mean free path of the carriers. In the above materials the LaO layers could be considered dopants (i.e. δ-doped layers). Since the concentration of La remains constant at the interface there may be little change in the scattering lifetimes, τ . Hence, deviations in electron mobilities, µ e , may be more affected by changes in m e (where µ e = eτ /m e ). Furthermore, recent dynamical-mean-field calculations of oxide heterostructure 2DEGs suggest that correlation effects are least affected by dopant concentrations and that the band effective masses have the most deviations. [37] In summary, using first principles methods, it is demonstrated that superlattices comprising I-
perovskites have twice the interfacial charge densities of III-III/II-IV(SrTiO 3 /LaTiO 3 ) superlattices. Here, the flexibility of multivalent cations, like Nb and Ta, leads to an intrinsic limit of 1 e − per interface unit cell, twice the limit of previously studied III-III/II-IV and I-V/III-III [24, 38] superlattices. Also, changes in electron effective masses (with no change in dopant levels) imply that further enhancements in mobilities may be achievable. As such, this research highlights a viable path for enhancing the properties of 2DEGs. In addition, deviations in polar distortions and charge redistribution emphasize the need for a better understanding of the relationship between dielectric constant and electronic and atomic reconstructions. In agreement with other theoretical models, [31, 32] these results suggest that lower dielectric constant materials (e.g. KTaO 3 ) should be more ideal for realizing truly two-dimensional electronic gases. Alternatively, polar oxides like KNbO 3 may be more suitable for applications where it is necessary to switch the charge carrier concentrations. Naturally, synthetic limitations related to effectively reducing ions like Ta 5+ to Ta 3+ may exist. A feasible route may be to substitute interfacial Ta cations with a cation, like V, that is more easily reduced. Ultimately, these results present a chemically intuitive framework (in the absence of factors such as O vacancies) through which intrinsic carrier concentrations, and perhaps even carrier mobilities, of oxide heterostructure 2DEGs can be tuned and may be useful in device engineering [39] and in controlling quantum phenomena due to electron confinement.
V.R.C. would like to acknowledge helpful discussions with C. Bridges, C. Cantoni 
